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Phonon glass behavior beyond traditional cage structures: synthesis,
crystal and electronic structure, and properties of KMg4Sb3
Abstract
Three new ternary antimonides, KMg4Sb3 and A(2)Mg(5)Sb(4) (A - Rb, Cs), were synthesized via high-
temperature solid-state reactions and their crystal structures were determined by single crystal X-ray
diffraction. All three compounds feature three-dimensional anionic frameworks composed of edge-shared
MgSb4 tetrahedra with channels trapping the alkali metal cations. KMg4Sb3 crystallizes in beta-BaCu4S3
structure type (Pearson symbol oS32) while Rb2Mg5Sb4 and Cs2Mg5Sb4 are isostructural and crystallize in
K2Zn5As4 structure type (Pearson symbol oC44). Band structure calculations predict KMg4Sb3 to be a
direct bandgap semiconductor with E-g of similar to 1 eV. Characterizations of the transport properties
indicate that KMg4Sb3 is a semiconductor with impurity levels. KMg4Sb3 exhibits ultralow total thermal
conductivity of 0.9 W m(-1) K-1 at 300 K. Potassium cations in the structure of KMg4Sb3 exhibit abnormally
large anisotropic displacement parameters at 90 K, a behavior typical for rattling cations. Calculations of the
phonon dispersions and density of states support the K rattling as an important contributor to overall thermal
conductivity reduction. A Phonon-Glass thermal behavior with K atoms rattling in open channels of Mg4Sb3
framework shines new light on designing low thermal conductivity materials.
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Abstract 
Three new ternary atimonides, KMg4Sb3 and A2Mg5Sb4 (A = Rb, Cs), were synthesized via high-
temperature solid-state reactions and their crystal structures were determined by single crystal X-
ray diffraction. All three compounds feature three-dimensional anionic frameworks composed of 
edge-shared MgSb4 tetrahedra with channels trapping the alkali metal cations. KMg4Sb3 
crystallizes in β-BaCu4S3 structure type (Pearson symbol oS32) while Rb2Mg5Sb4 and Cs2Mg5Sb4 
are isostructural and crystallize in K2Zn5As4 structure type (Pearson symbol oC44). Band structure 
calculations predict KMg4Sb3 to be a direct bandgap semiconductor with Eg of ~1 eV. 
Characterizations of the transport properties indicate that KMg4Sb3 is a semiconductor with 
impurity levels. KMg4Sb3 exhibits ultralow total thermal conductivity of 0.9 Wm–1K–1 at 300 K. 
Potassium cations in the structure of KMg4Sb3 exhibit abnormaly large anisotropic displacement 
parameters at 90 K, a behavior typical for rattling cations. Calculations of the phonon dispersions 
and density of states support the K rattling as an important contributor to overall thermal 
conductivity reduction. A Phonon-Glass thermal behavior with K atoms rattling in open channels 
of Mg4Sb3 framework shines new light on designing low thermal conductivity materials. 
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Introduction 
Thermoelectric materials play an important role in renewal energy applications, due to their ability 
to convert heat into electrical energy and vice versa.[1-3] The performance of a thermoelectric 
material is evaluated through the dimensionless figure-of-merit zT = S2T/ρκ, where S is the 
Seebeck thermopower, T is the absolute temperature, ρ is the electrical resistivity, and κ is the 
thermal conductivity. The achievement of high thermoelectric efficiency is a challenge due to the 
intrinsic correlations between S, ρ, and κ in solids.[4-5] The thermal conductivity can be 
deconvoluted to a charge carrier contribution and a lattice contribution, κtotal = κe + κL = L⋅T/ρ + 
κL, where κe is the electronic thermal conductivity, κL is the lattice thermal conductivity, and L is 
the Lorenz number. Among the thermoelectric parameters, only the lattice thermal conductivity 
κL does not depend on carrier concentration. The search and identification of compounds with 
intrinsically low κL is an effective approach towards high-performance materials. The Phonon-
Glass concept, originally realized in clathrates[6-10]  and skutterudites[11-13], assumes the rattling of 
isolated atoms trapped inside oversized cages [6]  and is useful for the discovery of materials with 
low lattice thermal conductivity. The rattling of guest cations in relation to the lattice thermal 
conductivity in clathrates was demonstrated by variable-temperature X-ray and neutron 
diffraction, inelastic scattering, Raman spectroscopy, heat capacity, and computational methods.[8-
10, 14-20] In the current work we investigated a rare case of the Phonon-Glass rattling of the cations 
in open channels of the Mg-Sb covalent framework. 
The K-Mg-Sb system was chosen due to abundance and low toxicity of the constituent elements. 
Great progress in thermoelectric efficiency notwithstanding, the applications of many state-of-the-
art thermoelectric materials are limited due to presence of such scarce and toxic elements as Pb, 
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Te, Ge, and Se.[21, 22] We researched materials composed of less-toxic and inexpensive abundant 
constituent elements.[23-29] Magnesium and antimony are such elements which have been widely 
used in thermoelectric field,[26,30-33] including the binary Mg3Sb2 phase.[34-37] In analogy to 
pnictide-based clathrates,[38-41] we considered Mg and Sb as promising framework-building 
elements capable to encapsulate rattling cations. Indeed, clathrates with Zn-Sb and Cd-Sb 
frameworks and Rb or Cs cationic guests have been reported.[38] We hypothesized that Mg will 
yield similar cage-like compounds. There are only three reported compounds with simple 
structures in the alkali metal-Mg-Sb systems, Li2MgSb[42], NaMgSb,[43] and KMgSb.[43] 
In this paper, we report synthesis and structure of three new ternary compounds KMg4Sb3, 
Rb2Mg5Sb4, and Cs2Mg5Sb4. The experimental structural and transport property characterizations 
together with computational analysis of the phonon dispersions show that ultra-low thermal 
conductivity originates from a rattling of K atoms in the open Mg-Sb channels. This is a rare 
instance of the Phonon-Glass behavior detected for non-cage-like compounds. The 
characterization of transport properties of Rb2Mg5Sb4 and Cs2Mg5Sb4 were hindered by their 
extreme sensitivity to moisture and air. 
Experimental Section 
Warning: The starting materials, K, Rb, and Cs metals are extremely air- and water-reactive. 
Those elements may self-ignite upon air-exposure and explode upon contact with water. 
Synthesis. All preparation and handling of samples were performed in an argon-filled glovebox 
with the O2 level below 1 ppm. All starting materials are commercial grade and were used as 
received from Alfa Aesar: K (99.9%), Rb (99.9%), Cs (99.9%), Mg (99.98%), and Sb shots 
(99.9999%). 
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KMg4Sb3: The elements K:Mg:Sb were loaded in 1:4:3 ratio in Nb ampoules, which were 
sealed using arc-welder. The Nb ampoules were placed in silica ampoules, evacuated, and flame-
sealed. The ampoules were heated from room temperature to 973 K at a period of 4 hours, and 
then annealing at this temperature for 144 h, and afterwards the furnace was turned off. After this 
step, small needle-like crystals were picked out in the glovebox and characterized as KMg4Sb3 by 
the means of single crystal X-ray diffraction (crystal 1). All the remnant products were ground 
into fine powder in the glovebox and annealed a second time using the same temperature profile. 
Then the same procedure was repeated the third time. After three annealings, a nearly single-phase 
sample was obtained according to powder X-ray powder diffraction. The sample of KMg4Sb3 is 
air-sensitive and will decompose to amorphous powders after exposing to air for few minutes.  To 
obtain higher-quality single-crystals, KSb flux was used, which was synthesized through heating 
K and Sb in evacuated and sealed silica ampoule at 723 K for 96 hours. The starting materials 
K:Mg:Sb:KSb were loaded in 1:4:3:0.8 ratio, sealed in Nb ampoule which was further protected 
by an evacuated and sealed silica ampoule. The ampoule was heated from room temperature to 
973 K at a period of 4 hours, and then annealed at this temperature for 168 h, and afterwards slowly 
cooled to room temperature during 72 hours. A large number of well-shaped needle crystals were 
found in the products and one of the crystals from this sample was used to preform single crystal 
X-ray diffraction experiment (crystal 2). 
    Rb2Mg5Sb4 and Cs2Mg5Sb4: The reactants were loaded in Nb ampoules in a molar ratio of 
A:Mg:Sb = 2:5:4 (A = Rb or Cs), and then the Nb ampoules were sealed using arc-welder. The 
sealed Nb ampoules were placed in evacuated fused silica jackets. The reaction mixture was first 
heated from room temperature to 873 K at a period of 5 hours, and then dwelled at this temperature 
for 144 h; afterwards the reaction was slowly cooled down to 673 K at a rate of 5 K/h and annealed 
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at this temperature for another 10 hours, and afterwards the furnace was turned off. The red block-
like crystals of Rb2Mg5Sb4 and Cs2Mg5Sb4 are extremely sensitive to air and moisture, 
decomposing within a few seconds of exposure. This prevents the further characterization of their 
physical properties. No AMg4Sb3 phases were detected for A = Rb and Cs by powder X-ray 
diffraction. 
Single crystal X-ray diffraction. The cutting and preparation of the single crystals were 
performed in the glovebox, and selected crystals covered in Paratone oil were quickly transferred 
to a diffractometer. Single crystal diffraction experiments were collected at 90 K using a Bruker 
AXS SMART diffractometer with an APEX-II CCD detector with Mo-Kα radiation. The data sets 
were recorded as ω-scans with a 0.4° step width and integrated with the Bruker SAINT software 
package.[44] Multi-scan absorption corrections were applied. The solution and refinement of the 
crystal structures were carried out using the SHELX suite of programs.[45] The final refinements 
were performed using anisotropic atomic displacement parameters for all atoms. A summary of 
pertinent information relating to unit cell parameters, data collection, and refinements is provided 
in Table 1 and the atomic parameters and interatomic distances are provided in Tables S1 and 
Table S2. Further details of the crystal structure determination may be obtained from 
Fachinformationszentrum Karlsruhe, Germany, by quoting the depository number CSD-433777 
(KMg4Sb3), CSD-433778 (Rb2Mg5Sb4), and CSD-433779 (Cs2Mg5Sb4). 
X-ray Powder diffraction. The polycrystalline samples were characterized by powder X-ray 
diffraction (PXRD) using a Rigaku Miniflex 600 diffractometer employing Cu-Kα radiation with 
a Ni-Kβ filter. The homemade holders with Kapton windows loaded in the Ar-filled glovebox were 
used to prevent the decomposition of the samples during data collection. The diffraction patterns 
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of blank holders collected at identical scanning parameters were subtracted from the samples 
patterns to eliminate Kapton and Ar scattering (Figure S1). 
Table 1. Selected data collection and structure refinement parameters for KMg4Sb3 and A2Mg5Sb4. 
Empirical formula               KMg4Sb3 Rb2Mg5Sb4 Cs2Mg5Sb4 
CSD-number 433777 433778 433779 
CCDC-number 1585839 1585841 1585840 
Formula weight 501.59 g/mol 779.49 g/mol 874.37 g/mol 
Temperature 90(2) K 
Radiation, wavelength Mo-Kα, 0.71073 Å 
Crystal system orthorhombic  
Space group Cmcm (No. 63)      
Unit cell dimensions a = 4.6642(6) Å    a = 13.05(1) Å a = 13.124(3) Å 
 b = 15.382(2) Å     b = 7.813(7) Å b = 7.822(2) Å 
 c = 13.161(2) Å    c = 13.08(1) Å c = 13.235(3) Å 
Unit cell volume  V = 944.3(2) Å3 V = 1334(2) Å3 V = 1358.6(5) Å3 
Z 4 
Density (calc.) 3.53 g/cm3         3.88 g/cm3 4.28 g/cm3 
Absorption coefficient 9.14 mm-1       15.45 mm-1 13.33 mm-1 
Data/parameters 842/29 804/34 712/35 
Goodness-of-fit 1.10 1.05 1.03 
Final R indices 
[I > 2σ(I)] 
R1 = 0.022        R1 = 0.026 R1 = 0.041 
wR2 = 0.038      wR2 = 0.051 wR2 = 0.084 
Final R indices 
[all data] 
R1 = 0.030       R1 = 0.039 R1 = 0.067 
wR2 = 0.040      wR2 = 0.057 wR2 = 0.099 
Max and min residual 
electron density peaks 1.92/-1.20 1.16/-1.44 2.01/-2.79 
 
Sample densification. Due to the air-sensitive nature, several attempts of sintering KMg4Sb3 
sample through SPS (spark plasma sintering) were proven to be unsuccessful. Finally, 
polycrystalline samples of KMg4Sb3 were carefully ground into a fine powder and loaded into an 
8 mm ∅ stainless-steel die in the glovebox and then pressed with a uniaxial pressure of 60 MPa at 
room temperature. The obtained pellets were annealed in an evacuated and sealed silica ampoule 
at 973 K for 144 hours. The geometrical density of the pellet after annealing was 87% of the 
theoretical X-ray density. 
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Physical properties. Electrical resistivity was measured in a 2-400 K temperature range by a 
standard four-point alternating-current technique to exclude the resistance of the leads using the 
commercial multipurpose Physical Properties Measurement System (PPMS, Quantum Design). 
Room temperature Hall effect measurements were performed in an applied field varied from −7 T 
to +7 T. The Seebeck thermopower and thermal conductivity were measured in 2-400 K 
temperature range using the Thermal Transport Option (TTO).  
Calculations. Electronic structure calculations have been carried out in density functional theory 
(DFT)[46,47] with PBE[48] exchange-correlation functional and a plane-wave basis set as 
implemented in Quantum Espresso.[49] The interactions between valence electrons K (4s), Mg (3s) 
and Sb (5s,5p) and ions are treated in norm-conserving Troullier-Martins[50] type of 
pseudopotentials with a kinetic energy cutoff of 55 Rydberg. A Γ-centered Monkhorst-Pack[51] k-
point mesh of (7×7×5) has been used. The convergence of total energy is 1 meV/atom with respect 
to kinetic energy cutoff and k-point mesh. The phonon calculations were performed with the linear 
response density functional perturbative theory (DFPT) [52] on a q-point mesh of (3×3×3). The 
phonon band structure and density of states (DOS) are well converged by checking with a larger 
q-point mesh. 
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Results and Discussion 
Crystal Structure  
In the alkali metal-Mg-Sb systems, only three 
compounds were reported: Heusler compound Li2MgSb 
with mixed-occupancy of one crystallographic site by Li 
and Mg,[42] and isostructural layered NaMgSb and 
KMgSb.[43] The latter compounds crystallize in tetragonal 
space group P4/nmm, in PbFCl structure type. In the 
crystal structure of AMgSb the two-dimensional [MgSb]1− 
layers composed of edge-shared MgSb4 tetrahedra are 
separated by Na+ or K+ cations.[43] To the best of our 
knowledge, no ternary Rb-Mg-Sb and Cs-Mg-Sb phases 
were reported.  
Crystal structure of KMg4Sb3 is a strongly distorted 
variant of β-BaCu4S3 structure.[53] While the latter 
compound is a layered phase, KMg4Sb3 exhibits a three-
dimensional anionic framework forming columnar 
channels along the [100] where the K atoms are situated 
(Figure 1). KMg4Sb3 is a ternary analogue of BaCuZn3As3, 
which exhibits mixed occupied Cu/Zn positions.[54] In the 
crystal structure of KMg4Sb3 the main building blocks are 
[MgSb4] tetrahedra which share the edges forming a three-
dimensional framework. The distances between Mg and 
 
Figure 1. Crystal structure of 
KMg4Sb3: (A) polyhedral 
representation with MgSb4 tetrahedra 
shown in blue along [100]; (B) a view 
of single MgSb “layer” along [001] 
with K atoms omitted for clarity; (C) 
a [100] view emphasizing polyhedral 
channels around K atoms. K: orange; 
Mg: blue; Sb: red. Unit cell is shown 
as black lines. 
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Sb, 2.793(2)-2.955(1) Å, are comparable to many binary or ternary compounds such as Mg3Sb2 
(2.82-3.11 Å),[55] NaMgSb (2.89 Å),[43] KMgSb (2.91 Å),[43] and Ca10Mg2Sb9 (2.84-3.41 Å).[56] 
The crystal structure correlations between KMgSb and KMg4Sb3 are depicted in Figure 2. The 
crystal structure of KMg4Sb3 can be described as the two-dimensional distorted [MgSb]1− layers, 
similar to those in KMgSb, fused by additional Mg2Sb atomic units which replaces part of K+ 
atoms in the structure of KMgSb (Figure 2). 
 
Figure 2. A comparison of KMg4Sb3 and KMgSb crystal structure viewed along [100] direction. 
Even though KMg4Sb3 is isostructural to β-BaCu4S3 and BaCuZn3As3, one feature in KMg4Sb3 
differentiates it from these two compounds: the much larger atomic displacement parameters 
(ADPs) for K atoms (Table 2). The ADPs for β-BaCu4S3 and BaCuZn3As3 are provided for 
comparison. ADPs for K, which have anisotropic cylindrical shape with U22 >> U11 and U33, are 
about two times higher compared to those for the framework elements, Mg and Sb. Note, that 
similar rattling was not observed for Ba atoms in the structures of β-BaCu4S3 and BaCuZn3As3, 
the ADPs for Ba are similar or smaller than the ADPs for the framework Cu, Zn, S, and As atoms.  
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Table 2. Equivalent ADPs (Å2) for two selected KMg4Sb3 crystals, β-BaCu4S3,[54] and BaCuZn3As3.[55] 
 (K/Ba)  (Mg/Cu-Zn)1 (Mg/Cu-Zn)2  (Sb/S/As)1  (Sb/S/As)2 
KMg4Sb3, crystal 1 0.0149(3) 0.0081(3) 0.0083(3) 0.0063(1) 0.0066(1) 
KMg4Sb3, crystal 2 0.0135(2) 0.0060(2) 0.0064(2) 0.0043(1) 0.0046(3) 
β-BaCu4S3 0.0038(2) 0.0077(3) 0.0427(5) 0.0048(2) 0.0084(2) 
BaCuZn3As3 0.0081(1) 0.0099(2) 0.0102(2) 0.0073(2) 0.0076(1) 
 
Potassium atoms in KMg4Sb3 are situated inside a 19-vertex “open cage” (Figures 1C and S2). 
The rattling of K atoms in such cages resembles rattling of the guest atoms in clathrates.[9,10] 
Inorganic clathrates have the distinctive structural motifs of the three-dimensional host 
frameworks which contain a variety of polyhedral cages, and encapsulate guest atoms. One clear 
feature of clathrate compounds is the much shorter distances between the framework elements 
compared to the centroid of cage to framework distances.[9] A similar feature is observed in 
KMg4Sb3 with the shortest K-Sb and K-Mg distances of 3.530(1) Å and 4.021(2) Å, respectively. 
In K-containing clathrates the coordination number (CN) for K is 20-28, while in KMg4Sb3 it is 
smaller, CN = 19. The smaller coordination number together with the inability of 19-vertex 
polyhedra to tile all the space differentiate KMg4Sb3 from clathrate family, however, it can be 
considered as a clathrate-like compound.[9] The relations between KMg4Sb3 and clathrates inspired 
the investigation of its transport properties (vide infra). 
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The crystal structure of Rb2Mg5Sb4 and 
Cs2Mg5Sb4 are shown in Figure 3. Rb2Mg5Sb4 and 
Cs2Mg5Sb4 are isostructural and crystallize in a 
K2Zn5As4 structure type (Pearson symbol 
oC44).[57] A number of isostructural compounds, 
K2Zn5As4, Rb2T5Pn4 (T = Zn, Cd; Pn = As, Sb), 
and Cs2Cd5Sb4 were reported in alkali metal-T-Pn 
systems.[57,58] The crystal structure and the relation 
to other known phases are well addressed 
elsewhere,[57,58] and a brief summary of crystal 
structure is provided here. A2Mg5Sb4 can be 
described as three-dimensional [Mg5Sb4]2− anionic 
framework with large channels running along 
[010] where Rb+ or Cs+ cations are situated (Figure 
3). [Mg5Sb4]2− framework is composed of edge- 
and corner-shared [MgSb4] tetrahedra which form 
stella   quardrangula units.[57] The Mg-Sb 
distances in Rb2Mg5Sb4, 2.790(4) Å to 2.930(4) Å, 
are similar to the aforementioned Mg-Sb distances in KMg4Sb3 and other reported compounds. 
The Mg-Sb bonds in Cs2Mg5Sb4 are slightly longer, 2.814(7)-2.939(7) Å, due to larger size of the 
Cs cation. 
Electronic Structure 
 
 
Figure 3. Crystal structures of Rb2Mg5Sb4 and 
Cs2Mg5Sb4: (top) ball-and-stick model and 
(bottom) polyhedral representation with MgSb4 
shown in blue. K: orange; Mg: blue; Sb: red. 
Unit cell is shown as black lines. 
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Figure 4. (a) Electronic band structure and (b) projected density of states (DOS) for KMg4Sb3. 
 
The band structure and density of states (DOS) were calculated for KMg4Sb3 (Figure 4). 
KMg4Sb3 has a direct bandgap of about 1.0 eV at Γ point. Noticeably, the top valence band 
dispersion along Γ-Y is almost flat. In KMg4Sb3, the main contributions to the top of the valence 
band are from Sb-5p orbitals with minor contributions from Mg and K, while bottom of the 
conduction band is contributed mostly from Mg. This shows that the framework of KMg4Sb3 is 
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built up from the strong ionic interactions between Sb and Mg. Similar band structure with steep 
increase of Sb-based DOS near the Fermi level was reported for other Sb-containing thermoelectric 
materials, such as Ca14MgSb11 [26] and Ca3AlSb3.[21] 
Physical Properties 
The resistivity of KMg4Sb3 decreases with increasing the temperature in the whole measured 
temperature range which indicates a semiconductor-like behavior (Figure 5). However, the 
resistivity dependence has two inflection points and deviates from simple activation behavior. The 
resistivity of KMg4Sb3, 0.25 Ω⋅m at 400 K, is two orders of magnitude smaller than the resistivity 
of Ba2Sb2Se5, 70 Ω⋅m at 400 K, the latter compound has an experimentally-determined bandgap 
of 1.25(5) eV.[59] Fitting the high-temperature, 350-400 K, resistivity data to the equation ln(1/ρ) 
= ln(1/ρ0) – Ea/2kT (inset in Figure 5) gives an activation energy of 0.15(4) eV, which is in 
agreement with the black luster of the single crystals but an order of magnitude smaller than the 
computed value of ~1 eV. Such discrepancy between the calculated bandgap and activation energy 
derived from the resistivity data may be due to the presence of impurity levels in the bandgap.[60] 
Room-temperature Hall effect measurements revealed that electrons are major charge carriers 
which agrees with the negative values of thermopower at room temperature. Calculated from the 
Hall data carrier concentration and mobility are 8.2×1019 cm−3 and 0.13 cm2V−1s−1.  
The presence of impurity levels in the bandgap is supported by the thermopower temperature 
dependence (Figure 6). The resistivity of KMg4Sb3 is comparable to the resistivity of La3Zn4P6Cl, 
0.39 Ω⋅m at 400 K, with comparable activation energy Ea = 0.24 eV.[27] La3Zn4P6Cl exhibits a n-
p transition behavior of thermopower  which was also observed for KMg4Sb3 (Figure 6). The 
thermopower of KMg4Sb3 is negative from 250 K to 380 K, indicating electrons as major charge 
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carriers. The absolute value of thermopower first increases from 250 to 340 K reaching a maximum 
value of −90 μV/K at 340 K, then the thermopower increases almost linearly up to +100 μV/K at 
400 K. Thermopower is positive above 380 K, indicating that holes become dominating charge 
carriers at elevated temperatures. The observed n-p transition behavior suggests that both holes 
and electrons play important roles in governing the electrical transport properties of KMg4Sb3. A 
similar behavior was reported for other semiconductors as well as in intermetallics.[61-63] 
 
 
Figure 5. Temperature dependence of the electrical 
resistivity for KMg4Sb3. Inset shows activation 
energy fitting. 
Figure 6. Temperature dependence of the 
thermopower for KMg4Sb3. 
 
KMg4Sb3 exhibits thermal conductivity temperature behavior typical for the crystalline ordered 
solids (Figure 7). The thermal conductivity at low temperature is dominated by normal scattering 
on the grain boundaries and impurities, it increases in the 10-75 K range and reaches a maximum 
of 1.58 Wm–1K–1. Further temperature increase caused the thermal conductivity to decrease down 
to 0.78 Wm–1K–1 at 400 K due to increased Umklapp contribution of phonon–phonon scattering.[64] 
Several samples of KMg4Sb3 with geometrical densities of 87 and 95% were studied and all exhibit 
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similar values of the total thermal conductivity (Figure S3). The thermal conductivity can be 
deconvoluted to a charge carrier contribution and a lattice contribution, κtotal = κe + κL.  Due to 
high resistivity of the studied compound, the estimated electronic contribution using Wiedemann-
Franz law to the total thermal conductivity is negligible, about 1.3×10–4 Wm–1K–1 at 300 K.[65] 
Thus, the total thermal conductivity is essentially the lattice thermal conductivity. The low total 
thermal conductivity of KMg4Sb3 at 300 K, 0.9 Wm–1K–1, is comparable to or smaller than that of 
some of the state-of-art thermoelectric materials, such as Yb14MnSb11 (0.7 Wm–1K–1),[66] 
Bi0.5Sb1.5Te3 (0.7 Wm–1K–1),[67] [010] direction of the SnSe single crystal (0.7 Wm–1K–1),[68] and 
Ca3AlSb3 (1.3 Wm–1K–1).[21] 
 
Figure 7. Temperature dependence of the total thermal 
conductivity (o) for KMg4Sb3, together with lattice and 
electronic contributions shown as orange and blue dashed 
lines, respectively. 
 
To evaluate the effect of K atoms rattling, the thermal conductivity of KMg4Sb3 is compared to 
that of Mg3Sb2, which features [MgSb] tetrahedral layers separated by the layers of additional Mg 
cations.[55]  Condron et al. reported the thermal conductivity of Mg3Sb2 to be 4.2 Wm–1K–1 at 300 
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K,[36] while Bhardwaj et al. reported a lower value of 1.4 Wm–1K–1 at 300 K.[34,35] This discrepancy 
may be due to various synthesis methods and possibly different types of defects.[69] KMg4Sb3 
exhibits lower thermal conductivity compared to both reported values for Mg3Sb2. Understanding 
the thermal transport to achieve low lattice thermal conductivity in solids is important for 
designing efficient thermoelectric materials. Mg3Sb2 exhibits relatively high thermal conductivity 
due to its simpler crystal structure with no rattling atoms. In turn, the lower thermal conductivity 
of KMg4Sb3 can be explained by two factors, a more complex crystal structure and a presence of 
rattling K atoms in open framework channels.  
 
Figure 8. (a) Phonon band dispersion and (b) phonon projected density of states (DOS) for 
KMg4Sb3. 
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Rattling of the weakly bound cations was proposed by Slack to be responsible for the reduction 
of the thermal conductivity.[6-10] This concept known as “Phonon Glass-Electron Crystal” (PGEC) 
is often used to explain the thermal transport properties of novel materials. For certain classes of 
inorganic materials, such as clathrates and skutterudites, this concept was proved by applying 
elastic and inelastic X-ray and neutron scattering together with Raman spectroscopy and phonon 
dispersion calculations.[8-20] In many other cases, the PGEC concept is invoked without proofs. 
The unusually high thermal displacement parameters for K atoms discussed above may be an 
indication for a PGEC behavior. To clarify this issue, we performed the calculation of the phonon 
dispersion and projected density of states for KMg4Sb3 (Figure 8). Each of the different atom types 
contribute preferentially to a different energy range of the spectrum. The main contribution from 
the K atoms is at the energy range below 125 cm−1, especially at 40 cm−1, where a clear peak 
corresponding to low-energy flat optical bands in the phonon dispersion are present. This peak has 
very small contributions from the Mg-Sb framework. The higher energy K vibrations from 100 to 
125 cm−1 lie at the same energy range as Mg and Sb vibrational modes. The main contributions of 
the heaviest Sb atoms are in the low energy range, from 50 to 100 cm−1, while the lightest Mg 
atoms contribute to both low range and dominate the high energy range of the spectrum, above 
150 cm−1. These high-energy optical phonon modes are from the strong ionic interaction between 
Mg and Sb in the framework. In contrast, the lowest-energy optical phonon modes at 40 cm−1 are 
from the rattling of K inside the cage. Similar lower energy vibration peaks due to guest atoms 
were found in the clathrates and they are considered as a characteristic feature of the PGEC 
compounds.[9,10] Based on our analysis of the ADPs and phonon calculations we can assign 
KMg4Sb3 to the family of PGEC compounds. 
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Limited by the high resistivity and the presence of the bipolar effect, the final thermoelectric 
figure-of-merit for KMg4Sb3 is only ZT = 2.2⋅10–5 at 300 K. To achieve a higher thermoelectric 
figure-of-merit, the resistivity should be reduced, and the bipolar effect should be suppressed 
through aliovalent doping. 
Conclusions 
Three new ternary antimonides, KMg4Sb3 and A2Mg5Sb4 (A = Rb, Cs), were synthesized via high-
temperature solid-state reactions and their crystal structures were determined by single crystal X-
ray diffraction. The new compounds demonstrate the rich chemistry of Mg-Sb frameworks which 
are flexible to accommodate cations of different sizes. The rattling behavior of K cations in the 
channels of KMg4Sb3, which were determined based on the analysis of structural data and phonon 
dispersion calculations, is responsible for the suppression of the thermal conductivity. Transport 
properties characterization revealed an n-p transition in KMg4Sb3 around 380 K. The high 
structural flexibility, non-toxic and abundant constituent elements, and low thermal conductivity 
point out that magnesium antimonide framework compounds are an attractive platform to develop 
novel thermoelectric materials. 
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